We have investigated 296 inpatients in a singleblind observer study to determine the incidence, degree and duration of hypoxaemia during anaesthesia. The The occurrence and possible pathogenesis of hypoxaemia during anaesthesia were described several years ago [1] [2] [3] [4] [5] . In these early studies using discontinuous and invasive techniques, the exact occurrence of hypoxaemia was not described. With the development of the pulse oximeter it is now possible to measure oxygen saturation (5p 0]! ) continuously and non-invasive'ly [6, 7] . This technique is accurate in the saturation range 75-100%, the range relevant to clinical anaesthesia [6] [7] [8] [9] .
The occurrence and possible pathogenesis of hypoxaemia during anaesthesia were described several years ago [1] [2] [3] [4] [5] . In these early studies using discontinuous and invasive techniques, the exact occurrence of hypoxaemia was not described. With the development of the pulse oximeter it is now possible to measure oxygen saturation (5p 0]! ) continuously and non-invasive'ly [6, 7] . This technique is accurate in the saturation range 75-100%, the range relevant to clinical anaesthesia [6] [7] [8] [9] .
The aim of this single-blind observer study was to investigate the incidence, degree and duration of hypoxaemia during routine anaesthesia using a continuous non-invasive monitoring technique. The number of undetected hypoxaemic episodes, the period of time until recognition of hypoxaemia and intervention, risk factors and causes of hypoxaemia were also recorded.
PATIENTS AND METHODS
Oxygen saturation (Sp 02 ) of 86-90 % was denned as mild hypoxaemia, Sp O2 of 81-85 % as moderate hypoxaemia and 5p Oz <81% as severe hypoxaemia.
The responsible anaesthetist in the operating room was instructed to follow the normal guidelines of the department regarding patient care and safety. All patients were monitored in the usual manner with continuous electrocardiography (ECG), automatic measurement of arterial pressure and heart rate at least every 5 min and, when indicated by type of surgery or the general physical condition of the patient, central venous pressure (CVP). Fifty percent of the patients in the study were anaesthetized at Herlev University Hospital and the other 50% at Esbjerg Central Hospital. One pulse oximeter (Ohmeda model 3700) was used in each department. Data from the memory of the pulse oximeter were stored in a computer for further analysis. The patients studied were chosen at random by the investigators, according to a predetermined rotation schedule. Upon patient inclusion, the investigators were unaware of the physical status of the patient and the choice of anaesthetic. We studied 296 inpatients (177 female), aged 18 yr or older, who were admitted for elective surgery under general, spinal or extradural anaesthesia and with an expected duration of surgery of more than 20 min (table I). Patients were undergoing ophthalmic, ENT, orthopaedic, gastric, urological and gynaecological operations.
Exclusions included patients with a history of severe lung disease and a preoperative oxygen saturation ^90%.
Observation and monitoring of oxygen saturation using the pulse oximeter was started immediately upon arrival in the operating theatre and continued until arrival in the recovery room (RR). One of five observers, all physicians with more than 2 years of anaesthesia practice, observed oxygenation continuously as recorded by the pulse oximeter. The display of the pulse oximeter was shielded from the anaesthetist and the theatre staff and the alarms were disconnected in order to ensure a blind study. If the pulse oximeter showed Sp o < 91 % for more than 20 s, the observer registered the facts and circumstances. If <Sp Oo was 81-85 % for more than 3 min or decreased to < 81 %, the observer notified the anaesthetist and circumstances and intervention were registered. The duration of the hypoxaemic episodes and the period of time until recognition and intervention were timed with a stop-watch. A period of hypoxaemia was registered only if normal plethysmographic pulse wave was present on the display of the pulse oximeter. For each patient, the degree and the duration of hypoxaemia was confirmed later upon review of the computer recordings.
Phases of anaesthesia were classified as follows: Before induction: the period after arrival of the patient in the operating theatre, but before administration of the induction agent or lumbar puncture. Induction: from the start of the injection of the induction agent or lumbar puncture until surgical preparation. Maintenance: from start of surgical preparation until end of operation. Arousal: from end of operation to start of transportation to RR. Transfer to RR: from start of transportation to arrival at RR, including the moving of the patient from the operating table to the bed.
The age, body weight, height, ASA physical status, anaesthetic technique and duration, surgical site and type of operation were noted for each patient. The medical records were reviewed for a history of respiratory disease, heart disease, hypertension or other co-existing diseases requiring constant medical treatment.
The anaesthetic technique was classified into two main groups, general anaesthesia and regional anaesthesia. Independent of the study, the anaesthetist responsible for the patients chose the anaesthetic technique, taking into consideration: the type of surgery, the patient's physical status and the patient's wishes. For premedication, the patient received either a benzodiazepine orally or an opioid i.m. 1 h before induction. General anaesthesia included one of two standard techniques : inhalation agent (enflurane, isoflurane or halothane), nitrous oxide in oxygen and fentanyl; or i.v. anaesthesia with nitrous oxide in oxygen. Pancuronium or atracurium was chosen for neuromuscular block. Residual neuromuscular block was antagonized with neostigmine and atropine. Regional anaesthesia consisted of either extradural or spinal anaesthesia. Supplementary oxygen 3 litre min" 1 was administered nasally to all patients receiving regional anaesthesia. Patients were not transferred from the operating theatre to the RR until their vital signs were stable and, for patients receiving general anaesthesia, after tracheal extubation. During transportation of the patient to the RR, supplementary oxygen was administered only if prescribed by the anaesthetist. Upon admission to the RR all patients received supplementary oxygen.
The study was approved by the Regional Ethics Committee for Copenhagen County, and informed consent was obtained from each patient.
All data were coded and checked for missing or inconsistent values. Upon entry in the database, the data for each patient were matched with those on the original data sheet. The incidence of hypoxaemia is reported in percent. Oxygen saturation and duration of hypoxaemia are reported as mean and median values plus range.
For each risk factor, the proportion of patients with at least one hypoxaemic episode was compared with those without hypoxaemia using a chisquare test or Goodman-Kruskal's gamma test. In order to eliminate errors caused by multiple comparison and to separate the roles of various risk factors, we applied a stepwise multiple logistic regression analysis. This analysis was performed only for mild hypoxaemia (5p O2 86-90%). P < 0.05 was considered significant.
RESULTS
Pulse oximeter monitoring was abandoned periodically in 21 (7%) of the patients because of low peripheral perfusion resulting in "low quality signal" indication on the pulse oximeter (2%), lack of patient co-operation (3 %) or electrical interference (2%). The preoperative physical status of these patients did not differ significantly compared with the entire patient population in the study.
In 157 patients (53%), one or more episodes of mild hypoxaemia (5p O2 86-90%) were noted. Sp 02 81-85% was found in 34% of the patients and values < 81 % were recorded in 20% of patients (table II) . A total of 392 hypoxaemic episodes occurred in the 157 mild hypoxaemic patients (table II) ; more than one hypoxaemic episode was registered in 59 % of the patients and 10% of these experienced more than four episodes. The mild hypoxaemic episodes of the individual patient lasted up to 34.6 min (mean (table  III) .
The presumed causes of hypoxaemia, as noted by the observers, were hypoventilation during spontaneous ventilation (63%), hypoventilation during controlled ventilation (14%), airway obstruction (14%) and others (7%).
In 55 % of cases, the hypoxaemic episodes were not diagnosed by the anaesthetist. The observers notified the anaesthetist in 15% of the cases in accordance with the study procedure. In the remaining 30 % of the episodes, the anaesthetist diagnosed the complication and intervened. The mean time interval from Sp Oi decrease to a value less than 91% and until recognition was 70s (median 30 (range 1-800) s). The anaesthetists' diagnoses of hypoxaemia were based on clinical detection of, for example, hypoventilation, apnoea or cyanosis. In the 59 (15%) instances of hypoxaemia notified to the anaesthetist by the observer, the mean time interval between notification and the resulting intervention was 21 s (median 8 (range 1-300) s). Intervention consisted of an increase in Fi Oi (46 %), increased ventilation (31%), airway adjustment (15%) and others (8%). The mean time interval from intervention to Sp 0 > 90 % was 57 s (median 27 (range 2-524) s).
Several patient-related and operative risk factors were revealed by use of the chi-square or Goodman-Kruskal 's gamma test (table IV) . When the stepwise multiple logistic regression analysis was applied, the significant risk factors were reduced to patient age (P < 0.005) and anaesthetic technique (P < 0.00001) (table IV).
DISCUSSION
As a consequence of discontinuous measurements, the incidence and degree of hypoxaemia were not investigated in early studies on hypoxaemia during anaesthesia [1] [2] [3] [4] [5] . Another non-invasive continuous measuring technique, transcutaneous Po 2 , has been available many years [10, 11] , but has never gained widespread use in studies on hypoxaemia during anaesthesia because of a relatively slow response to changes in Fi Oi and frequently inaccurate reflections of P%o t values [11, 12] . The continuous, non-invasive and accurate technique of pulse oximetry permits a more thorough study of hypoxaemia during anaesthesia. This study has demonstrated a high incidence of mild (53%) and severe (20%) hypoxaemic episodes widely distributed throughout all phases of anaesthesia. The anaesthetists recognized hypoxaemia in only 30 % of the cases, with a mean delay of 70 s. After intervention there was a mean time delay of 57 s until Sp 0 , > 90%.
Several studies using pulse oximetry have focused on the incidence of hypoxaemia during transportation from the operating theatre to the RR [13] [14] [15] . The incidence of hypoxaemia in these studies was found to be 29-35 %, which agrees well with the findings from that part of our study dealing with transportation. In adults, the incidence of hypoxaemia during all phases of anaesthesia has been investigated only in a small number of outpatients undergoing minor gynaecological operations [16] . In this selected group, only 10% of patients had hypoxaemic episodes. Cote and colleagues [17] discovered that in 76 children 24 major events (Sp Oj ^ 85 % for > 30 s) occurred during anaesthesia. The events were distributed throughout all phases of anaesthesia, as in the present study. Smith and Crul reported that oxygen desaturation (75-88%) occurred in three of four patients given sedatives during regional anaesthesia without concomitant administration of oxygen [18] .
Seventy percent of the hypoxaemic episodes in our study remained undetected by the anaesthetists-an observation in accordance with that made as early as 1947 by Comroe and Botelho [19] who stated that a "serious grade of arterial anoxemia may be unrecognized by many physicians...". This statement, in recent years, has been supported in several studies indicating that cyanosis and other clinical signs of hypoxaemia are unreliable, a conclusion we support [17, 20] . Even in the 118 hypoxaemic episodes recognized by the anaesthetist a long and, in our opinion, clinically important delay (mean 70 s) was recorded.
Despite the observer's intervention, the episodes with hypoxaemia lasted up to 11.5 min at Spo, 81-85 % and up to 5 min with Sp o , < 81 % (table III) . This was the result of a delay of up to 5 min before intervention by the anaesthetist after notification and the fact that, after intervention, up to 8.7 min may elapse before Sp Oj increases to greater than 90%. Had the pulse oximeter been available to the anaesthetist, the early warning presumably would have elicited an early response.
Preoxygenation of the patients before induction of general anaesthesia was not performed as a routine procedure. All patients underwent ventilation briefly with 100% oxygen before tracheal intubation, but several hypoxaemic episodes were observed shortly after the start of the i.v. injection of sedatives and opioids (table III) . We believe that at least three of four hypoxaemic episodes during induction may have been avoided following careful preoxygenation. Several studies on emergency inductions have demonstrated that breathing 100% oxygen for 3 min before induction nearly always eliminates hypoxaemia [21, 22] .
The mean duration at all three grades of hypoxaemia was longer during maintenance of anaesthesia (table III) . This may be explained by the fact that this was the longest study period, so unrecognized mild episodes would continue without interference. Furthermore, the anaesthetists might not have been so vigilant during this period of anaesthesia, as the risk of hypoxaemia is generally believed to be associated with induction and arousal.
Forty-seven percent of the hypoxaemic episodes were found during arousal after tracheal extubation and during transfer to the RR. Department standards require that all patients receive 100% oxygen before extubation and should receive supplementary oxygen after extubation, but not as routine during transportation to the RR. In the minutes just after extubation, several procedures such as lifting the patient into bed, disconnection of i.v. cannulae, etc. were carried out. As a consequence, several hypoxaemic episodes occurred because of insufficient or disconnected supplementary oxygen. Our study was not designed to evaluate the efficiency of the supplementary oxygen prescribed in a few patients for transportation to the RR; previous studies during transportation to the RR have shown that the incidence of hypoxaemic episodes may be reduced to almost zero if supplementary oxygen is given [14, 23] .
The observers suspected hypoventilation as a possible explanation in 77 % of the hypoxaemic episodes. Anaesthetic, opioid or neuromuscular blocking agents were suspected to have a major influence but, as in previous studies of the underlying causes of hypoxaemia, ventilation/ perfusion maldistribution, airway closure, diffusion hypoxaemia, increased oxygen consumption and post-hyperventilation hypoxaemia may also play a major role [1-5, 24, 25] . Our study was not designed to distinguish between these factors.
Risk factors for hypoxaemia discovered in the current investigation were similar to those found in previous studies [4, 16, 20, 24] . Several risk factors were revealed by use of the chi-square test. In a stepwise multiple logistic regression analysis, however, only age and anaesthetic technique remained significant (table IV) . Regional anaesthesia was accompanied by a significantly lower risk of hypoxaemia (P < 0.00001).
Our data raise several questions. Is hypoxaemia of the degree recorded dangerous to the patient, and would the routine use of a pulse oximeter, as advocated by several departments and anaesthesiological societies, reduce morbidity and mortality [26, 27] ? From retrospective studies, we know that problems with oxygenation could be an important factor leading to increased morbidity and mortality [28, 29] . No prospective studies seem to have confirmed these theories. On the other hand, grave hypoxaemia is known to have serious consequences. Hypoxaemia, of the degree that we have found, has some physiological effects on the patient [30] , but the clinical importance remains unknown.
We now know that, during routine anaesthesia, hypoxaemia is more common and severe than previously assumed. The hypoxaemic episodes are difficult to detect by clinical surveillance and, when recognized, their treatment is initiated with considerable delay. Consequently, we advocate routine preoxygenation for all patients and careful administration of supplementary oxygen during regional anaesthesia, during arousal from general anaesthesia and during transfer to the recovery room.
